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Abstract
Climate change adds an additional layer of complexity to existing sustainable development
and biodiversity conservation challenges. The impacts of global climate change are felt
locally, and thus local governance structures will increasingly be responsible for prepared-
ness and local responses. Ecosystem-based adaptation (EbA) options are gaining promi-
nence as relevant climate change solutions. Local government officials seldom have an
appropriate understanding of the role of ecosystem functioning in sustainable development
goals, or access to relevant climate information. Thus the use of ecosystems in helping peo-
ple adapt to climate change is limited partially by the lack of information on where ecosys-
tems have the highest potential to do so. To begin overcoming this barrier, Conservation
South Africa in partnership with local government developed a socio-ecological approach
for identifying spatial EbA priorities at the sub-national level. Using GIS-based multi-criteria
analysis and vegetation distribution models, the authors have spatially integrated relevant
ecological and social information at a scale appropriate to inform local level political, admin-
istrative, and operational decision makers. This is the first systematic approach of which we
are aware that highlights spatial priority areas for EbA implementation. Nodes of socio-eco-
logical vulnerability are identified, and the inclusion of areas that provide ecosystem ser-
vices and ecological resilience to future climate change is innovative. The purpose of this
paper is to present and demonstrate a methodology for combining complex information into
user-friendly spatial products for local level decision making on EbA. The authors focus on
illustrating the kinds of products that can be generated from combining information in the
suggested ways, and do not discuss the nuance of climate models nor present specific
technical details of the model outputs here. Two representative case studies from rural
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Introduction
The impacts of climate change present a significant challenge to long-term economic develop-
ment and human well-being [1,2]. It adds an additional layer of complexity to the already chal-
lenging goals of sustainable development and biodiversity conservation. Ecosystem-based
solutions are a vital part of helping people adapt to climate change. Ecosystems provide flood
control, coastal protection, fresh water, and sustainable food supplies under climate variability
and change, including extreme events. The conservation, restoration, and sustainable manage-
ment of ecosystems is therefore critical for protecting communities from the short-term detri-
mental impacts of climate change (such as increased storm intensities) and buffering against its
long-term impacts (such as decreasing food security). Solutions that harness the potential of
nature to deliver an adaptation benefit are widely known as ecosystem-based adaptation (EbA)
[3,4].
EbA, defined by the Convention on Biological Diversity [5] as the use of biodiversity and
ecosystem services to help people adapt to the adverse effects of climate change as part of an over-
all adaptation strategy, is generating growing interest globally as a realistic and desirable adap-
tation option, particularly for developing and least developed countries. For EbA to be effective
it should be planned and implemented at the local level. This allows for a direct link to local
contexts and place-specific challenges. Furthermore, it enables effective adaptive management,
and the embedding of climate change into local planning and implementation, including into
service delivery, land use and infrastructure planning, and natural resources management [6].
Poverty, inequality, weak governance, population growth, inadequate infrastructure, and
poorly planned, market driven development interact with climatic forces to shape the direction
of change in landscapes around the world [7,8]. At a local level, the distribution and level of
access to resources, such as wealth, municipal services, infrastructure, education and natural
resources, influences a community’s vulnerability to potential risks and hazards, including cli-
mate change. As rural and peri-urban populations rely more directly on ecosystem services
than their urban counterparts, such interactions may lead to drastic changes in these land-
scapes [8].
Developing effective EbA responses essentially requires an integrated understanding of
socio-ecological vulnerability and the ways in which ecosystems can assist local communities
to adapt to climate change [3,9]. Local government officials seldom have access to information
on climate change and ecosystem functioning [6, 10]. This is especially the case when consider-
ing the local level information required for obtaining an effective understanding of the poten-
tial contribution that ecosystems can make to climate change adaptation [11]. To support EbA
planning and decision-making, a replicable approach for collating and presenting complex cli-
matic and socio-ecological information in a simple format and at a comprehensible and rele-
vant spatial scale is required.
The available EbA decision-support tools and guidance documents focus on i) generalised
principles and best practice for EbA (e.g.[12]), ii) identifying EbA interventions and providing
lists of examples for implementation (e.g. [13]), and iii) spatially identifying climate change
and disaster risk impact hotspots to guide infrastructure investments (e.g.[14,15]). Many exist-
ing tools assume that the climate change information for a country is in an accessible and
understandable format for providing the context that decision makers require for prioritising
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EbA interventions and related decision-making at the local level. These tools are insufficient
for supporting local level planning and implementation as they lack comprehensive spatial
planning components, are not packaged in a simple and understandable format, or are limited
in their integration of social, ecological and climatic aspects [12 – 15].
The many studies assembling EbA case material and describing the benefits or effectiveness
of EbA interventions are useful for obtaining high-level political buy-in, but lack context-spe-
cific information to guide local level decision-making, planning and implementation [4,16]
and do not include information on where to implement or how to incorporate different ecosys-
tems, local communities, and the social-ecological interactions between them. Work on the val-
uation, mapping, and prioritisation of ecosystems for ecosystem services provisioning [17–19]
is prolific and mapping of household level ecosystem service use [20,21] is a growing practice
in the socio-ecological systems literature. For example, a recent paper by Hamann et al [21]
made use of the South African census data alongside other national spatial datasets to test
underlying factors that influence the distribution of socio-ecological systems and presented the
approach for replication in other regions. They identify low, medium, and high levels of direct
ecosystem service use among households in the country, related to green and red loop ecosys-
tem service systems described by Cumming et al [22]. Applying these GIS-based analyses to
spatially represent relationships between socio-economic ecosystem services data, as presented
in Hamann et al [21], is useful for providing a spatial perspective of the ability of ecosystems to
support human well-being. However, the approach does not explicitly consider the current and
future impacts of climate change or the contributions ecosystems can make to local adaptation
efforts.
Therefore, current approaches for supporting EbA planning and implementation do not
focus on the spatial integration of climate, social and ecological aspects. Furthermore, they do
not use country-driven administrative units to spatially contextualise results and to ensure
their direct relevance for local level political, administrative and operational decision makers.
Particularly, there is a limited understanding of how to effectively incorporate climate change
projections into EbA tools for local level decision-making. This paper presents a novel and sys-
tematic approach to address the gaps in existing EbA decision support tools and guidance doc-
uments. The approach is innovative as it aligns nodes of socio-ecological vulnerability with
areas of high ecological climate resilience and ecosystem service provisioning to identify poten-
tial locations for the implementation of EbA at a local level. A spatial planning approach draw-
ing on conservation planning techniques (see [23]) was developed for i) mapping local EbA
priorities in rural and peri-urban areas in developing and least developed countries using criti-
cal social and ecological indicators of vulnerability and resilience; and ii) contextualising cli-
mate change projections and impacts to assist decision makers with prioritising locations for
the on-the-ground implementation of EbA interventions. We argue that mainstreaming of cli-
mate change and adaptation options at the sub-national level [24–26] is greatly enhanced by a
taking a spatial and scenario based planning approach at the scale of the known and familiar
administrative boundary. This is so even though social and ecological processes routinely tran-
scend these boundaries.
We present the results of this approach as applied to two representative case studies in
South Africa, one in an arid system (Namakwa District Municipality—NDM) and one in a
more mesic system (Alfred Nzo District Municipality—ANDM). Together these districts rep-
resent six of South Africa’s eight major biomes. The final products of the approach comprise
maps showing i) predicted biome changes in response to climate change scenarios, and ii) EbA
priority areas that incorporate both social and ecological vulnerability. The maps address cli-
mate change, the environment, and local government priorities for human development and
poverty alleviation. They systematically incorporate socio-economic priorities for local
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governments into spatial EbA priority areas, providing a means of prioritising location for EbA
implementation to maximise climate adaptation benefits where resources are limited. This spa-
tial planning approach has been adopted in both NDM and ANDM, playing a substantial role
in local level planning. It can be replicated in other areas and at larger scales. Together, these
products, enable EbA implementation in priority areas that align with the delivery of other
social benefits [27,28]. Rather than emphasising the specific technical outputs of the local mod-
els and analyses, the purpose of this paper is to demonstrate a methodology for combining
information into user-friendly spatial products for local level decision making on EbA, illus-
trated through the use of case studies.
Methods
Overview
We used two GIS-based approaches to develop spatial products that communicate i) climate
change projections and impacts, and ii) EbA priorities to local decision makers. The first prod-
uct, a set of ‘biome stability’maps, is intended for building local capacity to understand future
climate change projections and impacts, work with a range of plausible climate futures, and use
climate projections to inform planning discussions. Climate impacts information is contextua-
lised and presented at a familiar scale, that of the local administrative boundary. The biome sta-
bility maps, essentially the outputs of climate envelope models, highlight natural systems that
are likely to be more or less stable at a broad scale under changing climate conditions. The sec-
ond product is for guiding on-the-ground EbA implementation. These novel ‘EbA priority
areas’maps identify high priority sites for EbA implementation and can be replicated in devel-
oping and least developed countries using socio-ecological indicators of vulnerability and resil-
ience at the scale of the relevant sub-national administrative unit responsible for land use
planning and service delivery in a country. The EbA priority areas maps are designed to enable
decision-makers to visualise priority sites for fine scale local level planning for EbA implemen-
tation. Maps do not account for larger scale ecological processes, although the authors
acknowledge that these are important. Both spatial products developed are explicitly targeted
at the scale at which local land use planning decisions are made. For the two South African
case studies presented here, this level of governance is the District municipality.
Biome stability maps
Amaximum entropy model, MaxEnt [29–31] (the industry standard software for habitat
modelling), was used to develop a biome distribution model in order to predict the potential
future distribution of biomes in the NDM (Succulent Karoo, Desert, Nama Karoo, and Fynbos
[32]) and the ANDM (Grassland and Savanna [32], with some coastal belt forest patches)
based on climatic variables. MaxEnt model outputs for current, medium and longer-term
biome distribution were overlaid to estimate biome stability. Following Araujo and Townsend
Petersen [33], we apply the term climate envelopes to refer to the estimation of multivariate cli-
matic variables best matching observed biome distribution.
The present day climate values used for this analysis are based on daily agrohydrological
data for rainfall and temperature for the period 1960–1999 [34–36]. The climate scenario data
used were based on the difference between future and current values for each of three Global
Climate Models (i.e. future predicted value–control values produced by the model for present
conditions), dynamically downscaled to Southern Africa, to represent three plausible scenarios
of temperature and rainfall change over the medium and longer term. The models are MIR-
OC3.2-medres [37], ECHAM5 [38,39], and CSIRO 3.5 [40], downscaled using CCAM [41]
applying a relatively high end, or ‘unmitigated’ emissions scenario–A2 SRES [41,42]. Outputs
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for the medium term (2050) correlate to models for the period 2040–2059, and for the longer
term (2100) to models for the period 2081–2100. Although not included in the analysis, the
authors also considered the climate modelling outputs of South Africa’s Long Term Adaptation
Scenarios (LTAS) Flagship Research Programme. Specifically, this included drawing on the Cli-
mate Trends and Scenarios work [43], which presents statistically and dynamically downscaled
climate projections for South Africa based on ten Global Climate Models and four emissions sce-
narios (SRES B1, SRES A2, RCP 4.5, and RCP 8.5). The model outputs of this analysis were com-
pared to the LTAS model outputs, which represent a fuller range of plausible climate futures.
The ability of the MaxEnt model to predict the future potential distributions of biomes was
tested by using it to model the current distribution of biomes. The model was 86.02% accurate
at modelling the current distribution of biomes, producing a map that closely correlated with
the actual distribution of biomes.
EbA priority areas maps
EbA priority areas maps are made up of a set of composite maps for i) water ecological infra-
structure, ii) important biodiversity (underpinning a range of ecosystem services), iii) natural
features supporting an ecosystem’s ability to adapt to climate change, and iv) nodes of socio-
economic vulnerability and high social demand for natural resources and ecosystem services.
Fig 1 summarises the analysis and integration method. EbA priority areas lie at the intersection
of all four categories i.e. where water, biodiversity, climate resilient natural features, and social
needs significantly overlap. The overlapping areas highlight where natural features are likely to
provide resilience to the impacts of climate change. They also identify locations where vulnera-
ble communities of people are currently directly dependent on these natural features for their
livelihoods, as well as likely to need them to support their ability to adapt to a changing climate
in the future.
Each of the four categories of information used in the EbA priority areas maps were first
developed separately, as a set of composite maps for water, biodiversity, climate resilient natu-
ral features, and social needs. In other words, each individual composite map is composed of
several layers of features and presented as a separate spatial product that can be used on its
own for decision-making on, for example, water resources management, or protected areas
expansion. Fig 2 provides a detailed example of the integration method used for all of the com-
posite maps, following a standard multi-criteria GIS analysis and integration approach. The
same method was used for developing spatial decision-making products for all four categories
described above and for their final integration into the EbA priority areas maps.
Although the four categories of information that make up an EbA priority area are generali-
sable, the specific layers which populate each category were determined locally, by the local
context as well as by the available data. In South Africa, available water data included areas
important for water production and water quality, erosion control, and flood attenuation. The
biodiversity information available in South Africa included biodiversity priorities, critical bio-
diversity areas, and protected area expansion priorities. For climate resilient natural features,
the information available in South Africa included coastal and riparian corridors, as well as
temperature, rainfall and altitudinal gradients, and centres of endemism.
Finally, the distribution and the level of access to resources, such as wealth, municipal ser-
vices, infrastructure, education and natural resources, influences a community’s vulnerability
to potential risks and hazards. Hotspots of socio economic vulnerability to climate change
include those areas where poverty levels are high and where people are most directly dependent
on the environment for the delivery of ecosystem services. Determining spatially the areas
important for adaptation action in terms of social and economic features involved mapping:
Spatial Planning for Ecosystem-Based Adaptation
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1. Population densities and locations of households. Data on the location of individual dwell-
ings was used to provide an accurate representation of population density at a fine scale,
with the location of buildings being used as a proxy for population distribution. This
approach was necessary as the available census data summarised data for large areas.
2. Levels of poverty were initially assessed based on the proportion of households with an
annual income below the poverty line (in South Africa this is ZAR9,600 per annum, the
value of one average government social grant per household, and roughly equivalent to
USD700). We then developed a dependency ratio of employed people to unemployed peo-
ple, discouraged work seekers, people who are not economically active, and those under the
legal working age. We also developed an index of poverty. This included an analysis of
Fig 1. Summary of the analysis and integration process.Reprinted from [44] under a CC BY license, with permission from CSA, original copyright
2015.
doi:10.1371/journal.pone.0155235.g001
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access to services such as access to sanitation, piped water within 200m, refuse collection,
and electricity for lighting, and levels of consumption measured by ownership of a range of
goods including a car, cell phone, computer, DVD player, refrigerator, radio, satellite televi-
sion, stove, television, vacuum cleaner and washing machine.
3. A specific environmental dependency index capturing levels of local community direct
dependence on locally defined critical ecosystem services. In the arid zone case study these
were freshwater derived from underground aquifers and access to communal grazing
resources, while in the more mesic case study these were natural building materials, fresh-
water from surface sources such as rivers and streams, and access to wood for fuel.
Socio-economic indicators were combined with national land cover maps in order to
account for the quality of ecosystem services provided by natural and modified areas. Trans-
formed areas were assumed not to provide high value ecosystem services and were removed
from the analysis. The inclusion of the land cover layer highlighted where areas of high natural
resource dependence occurred in conjunction with natural or semi-natural (modified by still
Fig 2. Diagram illustrating the integrationmethod used to develop composite maps for each category of information making
up the final EbA priority areasmaps. This particular example shows all the individual layers which made up the composite map for
natural features supporting resilience to climate change impacts at a landscape scale in the Namakwa District Municipality, South
Africa. Specific spatial data on corridors, gradients, diversity, endemism, refugia, and unfragmented landscapes were overlaid to
produce composite maps for each category of natural feature with the potential to contribute to climate change adaptation. These
were then overlaid to produce a single map, at the District municipality scale, which summarises all the climate resilient natural
features identified, showing in the darker areas where there are high levels of overlap (i.e. where many climate resilient natural
features are present). Reprinted from [44,45] under a CC BY license, with permission from CSA, original copyright 2015.
doi:10.1371/journal.pone.0155235.g002
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maintaining ecological function) areas critical to the supply of ecosystem services [46]. This
produced a composite map of social demand on the natural environment. All variables consid-
ered were equally weighted. The final integrated map reflects climate vulnerability hotspots in
natural and semi natural areas based on where people rely directly and heavily on ecosystem
services and where general poverty is high.
Table 1 lists each natural and socio-economic feature included in the EbA priority areas
maps for the two case studies, as well as the databases and data sources used. The references
listed under the table relate to the data set itself, or serve as a motivation for the inclusion of the
kind of data or feature referenced. The large majority of the data used in the EbA priority areas
analysis is publically available at the national level in South Africa and could be readily applied
to all 44 of South Africa’s rural and peri-urban municipalities. There are only a very small
number of place-specific datasets, all of which are used to describe the particular local context
and environmental dependencies in the social demand category. For replication outside of
South Africa, the four broad categories of information could be applied, but would have to be
populated with nationally or locally available data, clipped to the relevant political or adminis-
trative boundary for land-use decision-making.
The composite maps produced for water, biodiversity, climate resilience, and socio-eco-
nomic features were produced in a compatible format for comprehensive coverage at the
required scale and scored in a consistent fashion with lowest value areas scoring 0 and highest
value areas scoring 10 to allow for later integration into a single EbA priority areas map for
each case study site. The authors recognise that quite different variables have been combined,
but argue that all are directly relevant for identifying priority areas for EbA implementation.
Care was taken to ensure that the data ranges and levels of priority that these ranges represent
in the different summary layers were sufficiently similar to allow them to be sensibly combined,
Table 1. Summary of natural and socio-economic features included, and data sets which were used to map these, for ecosystem priority areas
mapping. Features shown in boldwere specific to the Namakwa District municipality only; Features shown in italicswere specific to the Alfred Nzo District
municipality only. Further details on all of the mapping methods for each individual layer and for the composite maps of each category can be found in the vul-
nerability assessment technical reports for each pilot site [44,45].
EbA Map Component Data Source Features mapped
Water Ecological
Infrastructure
A variety of national topocadastral datasets on rivers,
wetlands and runoff including from the Surveyor General of
South Africa, and the ProEcoServe project (www.
proecoserve.org)
The features considered were the ability of a water source to
provide (i) water production, (ii) stream ﬂow augmentation, (iii)
ﬂood attenuation, (iv) erosion control, (v) water quality [47],
(vi) level of transformation [46]
Important Biodiversity South African National Biodiversity Assessment [48];
National Estuary Biodiversity Plan [49]; National Freshwater
Ecosystem Priority Areas [50]; Namakwa District
Biodiversity Sector Plan [51]; National Protected Areas
Expansion Strategy [52,53]
The features considered were (i) aquatic priorities, (ii) critical
biodiversity areas, (iii) presence of threatened ecosystems,
(iv) ecosystem protection levels, (v) protected area expansion
needs, (vi) level of transformation [46]
Natural features
important for climate
resilience
Vegetation of South Africa, Lesotho, and Swaziland [32];
Regions of ﬂoristic endemism in South Africa [54]; Layers
developed by Holness for National Protected Areas
Expansion Strategy [52]
The features considered were (i) coastal corridors [55,56], (ii)
riparian corridors and buffers [57,58], (iii) temperature, rainfall
and altitudinal gradients [59–62], (iv) areas with high biotic
diversity [63–65], (v) centres of ﬂoral endemism [66–68], (vi)
local species refugia [69–71], (vii) large unfragmented
landscapes [65,72,73], (viii) level of transformation [46]
Socio-economic features
of the system
National Census data collected in 2011 [74]; Location of
buildings from Eskom data
The features considered were (i) population densities, (ii)
population location, (iii) proportions of low income
households, (iv) levels of dependency, (v) access to services,
(vi) ownership of goods, (vii) dependency on ground or
surface water (not piped), (viii) dependency on communal
rangelands, (ix) dependency on wood for fuel, (x)
dependency on natural building materials, (xi1) level of
transformation [46]
doi:10.1371/journal.pone.0155235.t001
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with each layer representing a consistent range from lowest priority through to highest priority
for EbA implementation.
The Case Study Sites
The Namakwa District Municipality (126 860 km2) is located in the northwestern Northern
Cape Province in South Africa (Fig 3). It is home to roughly 115,840 people, and much of the
Succulent Karoo global biodiversity hotspot [75,76], characterised by succulent shrubland. Cli-
matic conditions are semi-arid, characterised by low mean annual rainfall [77] and extreme
temperatures [78].
The Alfred Nzo District Municipality (11,119 km2) is located in the northeastern Eastern
Cape Province in South Africa. It is located in the Maputoland-Pondoland-Albany global bio-
diversity hotspot [75,76], characterised by high altitude grasslands and some coastal belt for-
ests, and home to roughly 804,500 people. Climate conditions are sub-humid, with relatively
high summer rainfall and temperate conditions [74].
Although spanning a wide range of climatic and socio-economic conditions, both Districts
are rural and remote, with limited human and financial resources. Both exhibit limited eco-
nomic opportunities, extensive dependence on economically marginal agricultural activities
and social grants, and high levels of unemployment and poverty [79–81]. Both are, however,
critical loci of decision-making authority for service delivery, as well as land use and
Fig 3. Map showing the location of the two case study sites.
doi:10.1371/journal.pone.0155235.g003
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infrastructure planning. Biome stability and EbA priority areas maps were produced for each
case study site as part of formal local government climate change response planning [44,45].
Results and Discussion
The results of applying the methodological approach to the NDM and the ANDM in South
Africa, presented here, serve as an example of how the approach could be applied elsewhere,
and demonstrate the products of the analysis that could be expected through replication, i.e.
the biome stability and EbA priority areas maps.
Climate envelope stability at the biome scale
In both the NDM and the ANDM temperatures are projected to increase in the medium term,
and substantially so in the longer term (S1 Appendix). Projections for rainfall were divergent,
with some models predicting a drier future and others a wetter future, but also well within the
current, very wide, range of normal (S1 Appendix). The scenario planning approach used
enables decision makers to work with such uncertainty by visualising a range of plausible cli-
mate futures that adaptation responses should be able to adequately address. The biome stabil-
ity maps clearly demonstrate that rising temperatures are an actionable climate change threat,
regardless of what happens with rainfall, which is much more difficult to predict, as a result of
climate change. This is confirmed in LTAS [43] where all analyses consistently predicted
warming in the region alongside uncertainty in terms of rainfall change.
The MaxEnt biome modeling results were extremely consistent for both the medium and
longer term across all three climate models, demonstrating that rising temperatures are likely
to be a significant driver of vegetation change in both regions. Biome stability maps provide
valuable insight into the extent to which ecosystems themselves are vulnerable to climate
change and thus the extent to which they can be relied on to provide the suite of ecosystem ser-
vices on which people currently depend into the future [82]. This is particularly important in
rural areas where the economy is linked to agricultural activities, themselves inextricably tied
to biomes and their associated vegetation. These projections need to be confirmed through
long term monitoring of actual vegetation change under changing climate conditions.
In the NDM, rising temperatures consistent with historical trends [83] are likely, over time,
to drive the southward expansion of the Desert Biome into the summer rainfall Nama Karoo
biome, currently a commercially productive livestock farming system. The Succulent Karoo
biome in the NDM appears stable under all climate change scenarios largely because its current
climate envelope is so unique and internally diverse. In the ANDM, rising temperatures and a
resultant reduction in the number of frost days are likely to drive a dramatic long-term climate
envelope shift from current suitability for highly productive Grassland to a less agriculturally
productive Savanna system. This process is likely to exacerbated by the direct effects of rising
CO2 on tree and bush encroachment [84,85], although this is not simulated by the MaxEnt
modelling approach. Visualising these potential shifts in climate suitability for biomes in rural
areas primarily engaged in agriculture has been a valuable communication tool, enabling deci-
sion-makers to understand and interpret climate risk. The potential for biome climate enve-
lopes to shift in future introduces an element of risk which local decision-makers need to
understand in order to plan for and effectively manage change. In Grassland/Savanna systems
active management by fire and browsing/grazing offer opportunities to land users to direct veg-
etation structure and function if the processes are understood.
There are many countries where downscaled climate change information is not available. In
those cases, these biome stability maps could only be reproduced using more generic modelling
approaches that may offer some insights [86,87]. It nonetheless remains critical to translate the
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available climate change information into terms that are relevant for local level decision-mak-
ing in order to place EbA priority areas maps, which do not require downscaled climate
impacts information, into context. Narrative descriptions of the likely impacts of climate
change on agriculture and other social and economic undertakings in the focus area can be
undertaken to provide this context in place of the biome stability mapping exercise.
Fig 4 shows modelled changes in biome distribution, applying MIROC, for both the NDM
and the ANDM. Fig 5 shows projected biome climatic envelope stability in the NDM and the
ANDM for the longer term, averaged across all models, highlighting the potentially dramatic
effect of rising temperatures on future biome stability in some areas.
The biome stability models incorporate some uncertainties that must be clearly communi-
cated. Each biome has a characteristic climate envelope–a range and pattern of temperature
and rainfall values–within which it usually occurs. According to our understanding of climate
control of vegetation types, as the climate changes, an area that is currently climatically suited
to one biome might become more climatically suited to another different biome, inducing cli-
mate-related stress in components of the biome. If such changes were to occur over a long
period of time (many thousands of years), and if natural habitat were predominantly intact, the
ecosystems and species that make up the biome may well be able to undergo adaptation and/or
spatial shifts in response [88,89]. However, with changes in climate happening over relatively
short periods (decades) and with much natural habitat lost, degraded or fragmented, it is more
likely that disruptive change will occur alongside shifts in biome climatic suitability [63,69].
Some biomes, notably the Succulent Karoo in this analysis, encompass a fairly broad range of
climatic conditions. Therefore, a specific site could experience fairly large changes in precipita-
tion and temperature while still remaining within the broad envelope of climate conditions
currently associated with that biome.
Fig 4. Maps of biome impacts.Modelled current biomes in the NDM (4a), projected changes in climatic suitability for the biomes in the NDM, medium term
MIROC (4b), projected changes in climatic suitability for the biomes on the NDM, long term MIROC (4c), modelled current biomes in the ANDM (4d),
projected changes in climatic suitability for the biomes in the ANDM, medium term MIROC (4e), projected changes in climatic suitability for the biomes on the
ANDM, long term MIROC (4f). Reprinted from [44,45] under a CC BY license, with permission from CSA, original copyright 2015.
doi:10.1371/journal.pone.0155235.g004
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Biome stability modelling provides important broad-scale insights into more and less stable
areas under a range of future climate scenarios. As a first step in planning for EbA at the local
level, these maps highlight spatially the areas that are likely to remain more stable under a
range of possible future climates, and those that are more sensitive to climatic change, in the
medium and longer term. In areas where biomes are most at risk of ecological composition and
structural change, it is particularly important to retain natural features in the landscape that
will allow ecosystems and species to adapt as naturally as possible. Biomes that are more likely
to be stable in the face of climate change are more likely to retain their current composition
and structure and thus to continue to provide adaptation services to people in the future.
Only three Global Climate Models were used in this analysis and for only one emissions sce-
nario. The climate data used for this analysis were taken from a national dataset and averaged
for the case study Districts. The scenarios and models used for the climate analysis are from
IPCC AR4 and could be criticized as being outdated. Outputs from LTAS and IPCC AR5 are,
however, not significantly different from the models used in this analysis.
A scenario planning and spatial mapping approach for communicating results of a climate
change impacts analysis on biome stability was used to highlight climate change impacts as
Fig 5. Map of projected biome climatic envelope stability over the medium term in the NDM (5a) and longer term in the NDM (5b), as well as over the
medium term in the ANDM (5c) and longer term in the ANDM (5d). Reprinted from [44,45] under a CC BY license, with permission from CSA, original
copyright 2015.
doi:10.1371/journal.pone.0155235.g005
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well as areas of remaining uncertainty and to illustrate to local level planners that adaptation
actions can be implemented now. Finely downscaled climate data is not essential for identifying
EbA priorities and the identification of these priority areas does not include any climate data. It
is, rather, important to contextualise these priorities within potential impacts of climate
change, to inform and build capacity for implementation.
Each element used to identify priority areas for EbA, designed to speak to local government
priorities and mandates around poverty alleviation, is discussed in detail below.
Identifying water, biodiversity, and climate resilience natural features
important for adaptation
In both case studies, the highest value locations for EbA are those sites for water, biodiversity,
and climate resilient natural features that follow the escarpment and other important high-
lying water catchment areas, the riparian areas, as well as coastal and estuarine areas and
unfragmented landscapes linked to large national parks and provincial nature reserves.
Identifying socio-economic hotspots of local vulnerability to climate
change
People in the NDM and the ANDM live in scattered and isolated small rural towns and settle-
ments with large areas of sparsely populated farmland between them. The darker areas on the
maps shown in Fig 6 indicate lower incomes, lower access to goods and services and higher
dependency ratios, i.e. higher levels of poverty, as well as highlighting those natural and semi-
natural areas where people are most directly dependent on the environment for their
livelihoods.
Most of the data used was sourced directly from the national Census. This allows for direct
replication in other South African sites and a generalisable method for spatially identifying
nodes of socio-economic vulnerability and environmental dependency. However, it is impor-
tant to note that the analysis was tailored slightly to the local conditions in the NDM and
Fig 6. Maps showing areas of high social demand on the environment overlaying Population Density, General Poverty, and Specific
Environmental Dependency indicators with natural and semi-natural areas data. The darker areas show those natural and semi-natural areas with high
social demand on the environment. These are the areas which need to be most carefully managed to ensure the ongoing supply of good quality
environmental goods and adaptation services for people in the NDM (6a) and ANDM (6b). Reprinted from [44,45] under a CC BY license, with permission
from CSA, original copyright 2015.
doi:10.1371/journal.pone.0155235.g006
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ANDM, as described in the methods section. In the NDM, critical issues for adaptation are
population density, dependence on groundwater, and dependence on communal rangeland
resources. Although climate change impacts on groundwater are poorly understood, many of
these resources are already under pressure from over-abstraction and Schulze [90] suggests
that groundwater recharge in the NDMmay be reduced by up to 30% as a result of climate
change impacts on hydrological processes. Some 30% of the District is communal rangeland,
where people are most directly dependent on functioning ecosystems for their livelihoods
[91,92]. In the ANDM, access to freshwater from surface water resources and access to natural
building materials are critical adaptation concerns. Such concerns need to be identified at each
site of replication to ensure the local relevance of the products.
The merging of information on population density, poverty, and environmental depen-
dency highlights spatially the most important areas for EbA actions that will directly benefit
people, from a socio-economic perspective. These tend to be concentrated in the natural and
semi-natural areas surrounding the towns and settlements, where people are located.
Defining priority areas for Ecosystem-based adaptation
Once all of the summary maps of important water ecological infrastructure, biodiversity, and
natural features contributing to climate resilience as well as the socio-economic vulnerability
and environmental dependency nodes are produced, these can be equally weighted and com-
bined into a single composite map within which all irreversibly modified landscapes are
removed. Through this process, priority areas for the implementation of EbA emerge clearly.
The means for identifying sites for EbA implementation lies in the overlap between the social
and natural features described in each individual layer of information.
The EbA priority areas maps, shown in Fig 7, highlight locations in the landscape that are
critical for delivering ecosystem services, supporting the overall socio-ecological system. These
systems will provide climate change adaptation services in the future and are most important
for supporting people who are directly dependent on the natural environment for their liveli-
hoods. These areas scientifically prioritise foci for the restoration, conservation, and sustainable
management of ecosystems to ensure ecosystem function as a foundation for climate resilience
and the development of the regional green economy, highlighting for decision-makers the
places that will derive maximum climate resilience benefit from investments in ecosystems.
Fig 7. Integrated map of priority areas for Ecosystem-based Adaptation to climate change impacts in the NDM (7a) and the ANDM (7b).Reprinted
from [44,45] under a CC BY license, with permission from CSA, original copyright 2015.
doi:10.1371/journal.pone.0155235.g007
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In combination, these can be used to prioritise natural and semi-natural areas that are criti-
cal for supporting human resilience to climate change in the landscape. Application of this
methodology will allow for comprehensive spatial planning and identification of priority areas
for implementing EbA actions at the local level, in support of an EbA strategy that is ‘based on
maintaining sufficient intact natural habitat in an optimal configuration identified through sys-
tematic biodiversity planning’ [93] and incorporating social concerns. The approach also
allows for the comprehensive identification of sensitive or important areas for inclusion into a
range of other sub-national planning processes.
Local authorities need information at the scale of the political units that they manage. There
is limited ability or willingness to take up information when it does not align well with their
respective political unit. This includes where the available information does not cover their full
area of responsibility and hence needs to be integrated with other data sources to provide a
complete picture or where the information extends beyond their jurisdiction and where only a
portion is relevant for the decision-maker. An example of this is information presented at a
catchment scale. Presenting information at the scale of the sub-national administrative unit
enables direct embedding of the priority areas identified into wider government and institu-
tional processes while also allowing for the consideration of both long and short term needs.
As the entities most directly responsible for local-level planning and management, local gov-
ernment represent a crucial site for implementing EbA activities [6,10,94–96].
The products presented in this paper, namely biome stability and EbA priority areas maps,
provide a spatial mechanism for interpreting, translating, and condensing complex climate,
ecological, and socio-economic information at the practical scale of the familiar administrative
boundaries within which local government officials operate and have a legal mandate. The
products were developed in close collaboration with both Districts. Furthermore, the products
have been actively taken up for developing local level climate strategies and related climate
change adaptation planning. In the NDM, the EbA priority areas map has been used to identify
several natural resources management project implementation sites and is included in the 2014
District Integrated Development Plan (IDP) [97], the guiding document for local government
activity. In the ANDM, these products are included in the IDP and formed the basis of a Dis-
trict Climate Change Response Strategy [98]. Details on the stakeholder engagement process
and level of uptake is the subject of a forthcoming paper.
The methodological approach for identifying EbA priority areas, overlaying environmental
and demographic data using standard multivariate GIS analyses and publically available
national data sets, can be quickly adjusted to be applicable throughout South Africa, for any of
the 44 non-metropolitan Districts. The overall approach could usefully be applied at the same
sub-national scale for local authorities throughout much of the developing world, where the
necessary basic biodiversity and socio economic information exist. The appropriate level of
government will vary in other countries and information should be collated at the locally
appropriate scale for adaptation related decision-making. Our analysis is particularly well-
suited for rural and peri-urban areas, where large numbers of people are directly dependent on
natural resources for their livelihoods.
The current assessment represents a major step forward in the representation of climate
change vulnerability and resilience spatially, in an accessible, yet still comprehensive format.
As a next step, spatially defined priority areas need to be linked explicitly with clear, site-spe-
cific implementation activities. This is best achieved through a participatory planning process.
CARE [99], DEA [100], and Oettle et al [101] have produced useful examples of facilitated pro-
cesses at various scales relevant for operationalising the information presented here. Participa-
tory and stakeholder engaged local work is needed to identify what EbA actions to implement,
when these are the most appropriate actions, and to what extent they can be effective, as well
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the actual limits of ecosystems in terms of the extent of climatic change they themselves can
withstand.
Conclusion
The two spatial tools presented here have been developed specifically to support local govern-
ment decision-makers with the allocation of scarce resources for climate change response in
localities that have the potential to deliver the maximum return on investment in terms of bio-
diversity conservation, ecosystem services provision, and contribution to local livelihoods.
Some features in the landscape are likely to contribute more to climate resilience than others.
Concentrating restoration, protection and land management activities in these EbA priority
areas will likely maximise the potential for natural ecosystems to contribute to building social
and ecological resilience to climate change, ultimately reducing the vulnerability of the people
living in these highlighted areas.
The EbA priority areas maps define sites for the restoration and conservation of scientifi-
cally prioritised landscapes to ensure ecosystem function as a foundation for climate resilience
and the development of the regional green economy. The methodology provides localised site
specific analysis, guidance and recommendations to local decision makers and managers
regarding the possible impacts of climate change in the district as well as the spatial priority
areas in which EbA efforts could be concentrated. Mapping the spatial distribution of social
resources, such as access to basic services or ownership of assets, as well as ecological resources,
such as areas critical for supplying ecosystem services and supporting climate resilience, pro-
vides an opportunity for decision makers at the local level to plan and implement win-win
adaptation interventions.
Using industry standard software, publically available data, and straightforward methodo-
logical approaches allows for easy updating, revision, refinement, and replication. The
approach can be replicated widely, in South Africa and other countries, with minor adjust-
ments to accommodate for site specific variations in socio-ecological systems. With a growing
recognition globally that intact biodiversity is an important requirement for human adaptation
to climate change [93], particularly for developing countries, these tools are useful for identify-
ing the areas that have the highest potential to help local communities adapt to climate change
by protecting, restoring and managing the ecosystems on which local livelihoods depend.
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